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Quantum materials represent one of the most promising frontiers in the quest for faster, 
lightweight, energy efficient technologies. However, their inherent complexity and rich phase 
landscape make them challenging to understand or manipulate in useful ways. Here we present 
a new ultrafast electron calorimetry technique that can systematically uncover new phases of 
quantum matter. Using time- and angle-resolved photoemission spectroscopy, we measure the 
dynamic electron temperature, band structure and heat capacity. We then show that this is a 
very sensitive probe of phase changes in materials, because electrons react very quickly, and 
moreover generally are the smallest component of the total heat capacity. This allows us to 
uncover a new long-lived metastable state in the charge density wave material 1T-TaSe2, that 
is distinct from all of the known equilibrium phases: it is characterized by a significantly 
reduced effective heat capacity that is only 30% of the normal value, due to selective electron-
phonon coupling to a subset of phonon modes. As a result, significantly less energy is required 
to melt the charge order and transform the state of the material than under thermal equilibrium 
conditions. 
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Introduction 
The discovery of new phases of matter has a long history of providing enhanced functionality, 
for example for phase change memories. Moreover, the critical need for faster, smaller and 
more energy-efficient nanotechnologies means that metastable phases of matter are a new 
frontier for functional materials(1–10). Correlated materials exhibit rich phase diagrams due to 
the coupling of charge, lattice, spin and orbital degrees of freedom. These intertwined 
interactions can give rise to intriguing phenomena such as superconductivity, magnetism and 
density waves(11, 12). Specifically,  charge density wave (CDW) states, in which both the 
electron density and atomic lattice are modulated periodically with a characteristic wave vector 
(qCDW), are believed to arise from electron-phonon coupling, sometimes combined with, or 
even mediated by electron-electron interactions(11). Due to the complexity of these 
interactions, the nature and origin of different phases and their transitions in strongly correlated 
materials are still under debate. In addition, the potential presence of metastable phases in many 
of these materials (e.g., the hidden state in 1T-TaS2(4, 6, 10)) has been a topic of great interest. 
However, methods to prepare, detect and study metastable states are still under development. 
Indeed, whether such states are present in a wide range of materials is still an open question. 
Ultrafast spectroscopies are emerging as powerful tools to study correlated materials 
because of their unique abilities to probe the dominant microscopic interactions. In particular, 
time- and angle-resolved photoemission spectroscopy (trARPES), time-resolved magneto-
optical Kerr spectroscopy and time-resolved electron/x-ray diffraction can probe the coupled 
dynamics of the charge, spin and lattice systems, respectively, after a material is excited by an 
ultrafast laser pulse(13). For example, many past studies explored how the energy flows from 
the excited electron and spin systems to the phonon bath and how the state of material 
evolves(14–19). Other work uncovered how the characteristic timescales for the insulator to 
metal phase transition depend on different CDW interactions(20). More recently, a 
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combination of trARPES and x-ray diffraction was used to directly measure the deformation 
potential(21). Using tabletop high harmonic generation, we used trARPES to identify a new 
super-excited magnetic state where the spin system absorbs sufficient energy within 20 fs to 
subsequently proceed through a magnetic phase transition(22). 
Here we present a new ultrafast electron calorimetry technique that can systematically 
uncover new phases of matter. Using trARPES, we measure the electron temperature, band 
structure and heat capacity. We then show that this information can be used as a very sensitive 
probe of where phase changes occur within quantum materials, because electrons react very 
quickly — on femtosecond to attosecond timescales. Moreover, their heat capacity is generally 
the smallest component of the total heat capacity (´100 less than the lattice), and cannot be 
measured under thermal equilibrium conditions. We use our new ultrafast electron calorimetry 
technique to uncover a new charge-ordered phase in the transition metal dichalcogenide 1T-
TaSe2 that is simple to excite and that has remarkable properties. As the laser excitation fluence 
is increased to completely melt the CDW order, we observe a significant reduction in the 
effective heat capacity, by 70%. This indicates that the electron-phonon coupling abruptly 
switches from nearly homogeneous to mode-selective. The strong inhomogeneity within the 
phonon system, i.e., where some strongly coupled phonon modes thermalize to above the 
transition temperature (Tc) while the rest do not, drives the material into a new long-lived 
metastable CDW state, as illustrated in Figure 1 and Movie S1. This metastable CDW phase, 
with a continuously tunable order parameter depending on the laser fluence, is stable over 
timescales ranging from picoseconds to hundreds of picoseconds, thus dramatically enriching 
the landscape of metastable ordered phases of 1T-TaSe2. Most significantly, this ultrafast phase 
transformation requires significantly less energy (~ 60%) than is required to melt the CDW 
order under thermal equilibrium conditions. Moreover, it has a very simple excitation 
mechanism that can still result in very selective excitation of a subset of phonon modes. Our 
findings thus uncover new manifestations of electron-phonon coupling and phase transition 
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pathways in quasi-two-dimensional CDW systems. Finally, we note that our approach is 
general, and can be used to uncover the presence of hidden phases in other materials. 
Results 
1T-TaSe2 crystallizes in a quasi-two-dimensional crystal structure consisting of an undistorted 
hexagonal Ta layer sandwiched between two Se layers in the high-temperature phase. At lower 
temperatures, 1T-TaSe2 transforms to an incommensurate CDW phase at 600 K and then to a 
commensurate CDW phase (first order transition) at Tc = 470 K(23). This CDW phase is 
characterized by an electron density modulation and corresponding lattice distortion in a √13 × √13 periodicity(23). Each supercell forms a 13-atom star-of-David cluster, where 12 
outer atoms are displaced inward, as shown in the left panel of Figure 1. In our trARPES 
experiment, the sample in the CDW state (300 K) is photo-excited by a 1.6 eV pump pulse, 
then the electronic structure as a function of time delay and pump fluence is measured by a 
22.4 eV probe pulse produced from high harmonic generation(24). 
The band structure of 1T-TaSe2 in the CDW state has prominent features including band 
folding and an opening of an energy gap, that can be clearly seen in the photoemission spectrum 
along the G-M direction before laser excitation. The disappearance of these features after laser 
excitation suggests that the CDW order is destroyed by an ultrafast laser pulse, as shown in 
Fig. 2A and also studied extensively in past work(14, 16, 25–27). During this process, the 
electron system is directly excited to a non-thermal energy distribution, which rapidly 
thermalizes to a Fermi-Dirac distribution. To better understand the ultrafast CDW phase 
transition, we extract the time evolution of the electron temperature Te by fitting energy 
distribution curves of the ARPES spectra with a Fermi-Dirac function multiplied by a 
Lorentzian-shape density of states (see Supporting Online Materials (SOM)). The results are 
displayed in Figs. 2B and S4, which show that the electrons reach a maximum temperature of 
thousands of Kelvin. To investigate the effect of the spatial charge redistribution at high 
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temperature, we perform density functional theory (DFT) calculations on 1T-TaSe2. As shown 
in Fig. 2C and Fig. S3, at room temperature the charge is mainly distributed near the center of 
the star-of-David in real-space (around the inner Ta atoms). In contrast, after laser excitation, 
the elevated electron temperature smears-out the charge localization in the center of each star 
due to significant excitation of electrons to above the Fermi level (EF). This subsequently 
modifies the interatomic potential and initiates rapid lattice rearrangement. On the short 
timescales required for this structural rearrangement to be launched (20–100 fs), the lattice 
temperature remains near 300 K. 
In order to understand the complex interactions in the material, it is useful to investigate 
energy flow and coupling between the electron and lattice degrees of freedom. We first analyze 
the relaxation of the electron temperature as a function of laser fluence, which is governed by 
the electron-phonon coupling(13). As shown in Fig. 2D, the electron temperature decays to a 
plateau by ~ 4 ps, indicating that the electron bath has equilibrated with at least a part of the 
phonon bath. This quasi-equilibrium temperature increases with the laser fluence, and 
surprisingly, shows an abrupt increase at a critical fluence (Fc) of about 0.7 mJ/cm2, 
corresponding to when the electron temperature and part of the phonon bath cross the transition 
temperature Tc (see Fig. 2E). Note that in many material systems, the electrons and lattice (i.e., 
all the phonons) would have equilibrated by 4 ps. However, the solid red curve in Fig. 2E plots 
the quasi-equilibrium temperature calculated from the equilibrium heat capacity of the material 
(see SOM), showing that this is only true for F < Fc in 1T-TaSe2. The jump in temperature at 
Fc (Fig. 2E) thus reveals that there is a sudden reduction in the effective lattice heat capacity 
for F > Fc. This reduction is as large as 70% compared to below Fc, as further confirmed by 
the increased slope of the fluence-dependent electron temperature (see the red dashed line in 
Fig. 2E). In the temperature range explored here, the heat capacity is close to the Dulong-Petit 
limit and thus cannot change so dramatically under equilibrium conditions. Therefore, our 
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results suggest that only a subset of phonon modes, that are strongly coupled to the hot electrons, 
contribute to the effective heat capacity at F > Fc, as illustrated in Fig. 1. 
Given the anomalous changes in electron-phonon coupling observed at Fc, we also 
investigate the dynamic band structure. Here we focus on the Ta 5d band near EF, as shown in 
Fig. 2A. The time-dependent photoemission spectrum in Fig. 3A clearly shows the oscillation 
of the band position (in binding energy), that is coupled to the excited CDW amplitude mode 
(breathing mode of the stars)(14, 25, 28). Figure 3B plots the instantaneous band shift after 
excitation for two typical fluences. For low laser fluences in the perturbative regime, the band 
shift and electron temperature are strongly correlated. However, once the laser fluence exceeds 
Fc, the CDW order melts within a half cycle of a strongly damped amplitude mode oscillation, 
before entering the metastable phase. We can model this behavior as a classical harmonic 
oscillator(29), with an equation of motion for the band position %(Δ() given by %̈(Δ() = −-./[%(Δ() − %.(Δ()] − 23%̇(Δ()                                   (1) 
where -.  is the angular frequency, and 3  is the damping constant. The quasi-equilibrium 
coordinate %.(Δ() is taken as %.(Δ() = 56(1 − 789: ;<⁄ ) + 5/(789: ;?⁄ − 1)	                                  (2) 
where A6 and A/ are the exponential rise and decay time constants. The data fit well to this 
model (Fig. 3B) and we plot in Fig. 3C the extracted oscillation frequencies and damping 
constants for different laser fluences. The oscillation frequency is ~ 2 THz and decreases 
slightly with fluence, while the damping constant increases linearly and interestingly, exceeds 
the oscillation frequency near Fc. 
Since the band shift is strongly coupled to both the atomic displacement (structural 
order parameter) and the band folding or energy gap (electronic order parameter, see SOM), it 
can represent the CDW order in this material. Next, we study the time evolution of the band 
shift as a function of excitation fluence to gain more insight into the ultrafast CDW transition. 
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Figure 3D plots the peak of the quasi-equilibrium coordinate %., which represents the ultrafast 
CDW order suppression (orange curve), as well as the band shift at a delay of 4 ps (blue curve). 
At the same critical fluence Fc observed in the electron temperature dynamics (Fig. 2E), we 
observe that the peak of %. saturates at the expected thermal equilibrium value of ~ 175 meV 
— corresponding to complete closure of the gap, while the band shift at 4 ps shows a kink 
(turning point). It is worth mentioning that the saturation of %. is also consistently reflected in 
the fluence dependent maximum Te, which suggests a change of the effective electronic heat 
capacity at Fc (see SOM). These results reveal a close relationship between the electron-phonon 
coupling and the CDW transition, and suggest that once the CDW order is completely melted 
at F > Fc, the phase of the material changes in an extraordinary way. Indeed, the band shift 
after reaching a quasi-equilibrium at 4 ps behaves as if it undergoes a continuous phase 
transition (Fig. 3D), which is in strong contrast to the well-identified first order transition that 
occurs under thermal equilibrium conditions. Moreover, this new state lasts for hundreds of 
picoseconds and thus provides access to a metastable CDW order (see SOM) in 1T-TaSe2. As 
shown in Fig. 4, that plots the band shift (order parameter) as a function of both time delay and 
laser fluence, this new state does not correspond to either of the equilibrium phases of the 
material. Note that this band shift dramatically highlights the sudden change in the order 
parameter and material phase that occurs at the critical fluence. 
Under weak excitation (F < Fc), our data show strong initial electron-phonon coupling 
(Fig. 3E) followed by nearly homogeneous excitation of the entire phonon bath within 4 ps 
(Fig. 2E). Moreover, the original CDW order recovers on comparable timescales to the decay 
of the electron temperature (Fig. 3E). In contrast, as the laser excitation fluence exceeds Fc, the 
averaged electron-phonon coupling constant increases within the first picoseconds (Fig. 3F and 
G), likely related to the enhancement of the density of states at EF as the flat band near the 
Brillouin zone center shifts upwards. This is accompanied by a sudden reduction in the 
effective lattice heat capacity at Fc — the electron-phonon coupling switches to being mode-
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selective, and only a subset of phonons are coupled to the hot electrons and thermalized above 
Tc. This strong inhomogeneity within the phonon system has no counterpart under thermal 
equilibrium conditions and pushes the material into a new metastable CDW state (see Movie 
S1 and Fig. S8) along a path that lowers the free energy. This process takes longer for stronger 
laser excitation, and no longer tracks the decay of the electron temperature (Fig. 3F and G). 
Thus, the origin of the new long-lived metastable state can be clearly attributed to the 
strong mode-selectivity of the electron-phonon coupling, as illustrated in Figs. 1 and 4. We 
note that anisotropic electron-phonon coupling has also been reported in cuprates(30, 31), 
graphene(32) and theoretical calculation on metals(33). By investigating electron-phonon 
coupling in both the time domain and as a function of laser fluence, the results discussed here 
provide even more direct evidence of anisotropy, and in addition, reveal the transition from 
nearly homogeneous to mode-selective electron-phonon coupling and relate it to the formation 
of a new long-lived metastable state. Taking advantage of this kind of selective excitation of 
phonons, our data suggest that ultrashort laser pulses are able to transform the material into the 
new and otherwise unreachable intermediate CDW state. And quite importantly, the laser 
energy required for the phase transition through this non-equilibrium pathway is significantly 
lower (~ 60%, see SOM) than that under thermal equilibrium conditions. Hence, this 
experiment demonstrates an ultrafast, controllable and energetically efficient way to 
manipulate the state of 1T-TaSe2, which can likely be extended to many other materials. 
Discussion 
Finally, we discuss the underlying physical mechanisms that may be giving rise to our 
observations. In thermal equilibrium for a CDW material such as 1T-TaSe2, it has been pointed 
out that the phonon frequency softens around the CDW wave vector qCDW (known as a Kohn 
anomaly)(34). For temperatures below Tc, the frequency of some modes around qCDW 
approaches zero (giving rise to an imaginary value in ab initio calculations signaling the 
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instability of the spatial configuration) and this induces a lattice instability. In the case of 
ultrafast excitation of 1T-TaSe2, once the CDW order is suppressed, the zero phonon frequency 
recovers to a real value close to zero at the phase transition (i.e., at F = Fc). The electron-
phonon coupling constant for a specific phonon mode (phonon branch B at wave vector q) is CDE = FDGHI(JK)LDG?                                                         (3) 
where 3DE  is the phonon linewidth, M(NO) is the density of states per spin and -DE  is the 
phonon frequency. The ultralow frequency and large linewidth(35–37) of some phonon modes 
can lead to a mode-selective enhancement of the electron-phonon coupling to breathing and 
associated modes. This would explain the enhanced cooling of the electron bath on early 1 ps 
timescales, as well as the reduction in the heat capacity of the lattice — since some other 
phonon modes are more weakly coupled to the electron system. This might also be explained 
by the material becoming more 2D-like in the metastable state or due to surface decoupling. 
However, we see no evidence of surface decoupling in the ARPES spectra. A more quantitative 
explanation of the exotic electron-phonon coupling behavior during this ultrafast phase 
transition will require more advanced microscopic theories. 
In summary, we use ultrafast electron calorimetry to measure the dynamic electron 
temperature, band structure and heat capacity as a function of laser fluence, and demonstrate 
that it is a powerful method for not only characterizing important physical quantities (e.g., 
electron-phonon coupling) and transient excited states, but also for revealing when and where 
microscopic interactions change the state of a material. We then use it to uncover a new long-
lived metastable state that is mediated by mode-selective electron-phonon coupling. This new 
state enriches the phase diagram of 1T-TaSe2, and thus allows for better understanding and 
manipulation of CDW and electron-phonon interactions. Thus, time- and angle-resolved 
photoemission can uncover a broad set of exotic phenomena in correlated materials, making it 
possible to uncover novel phases that are elusive to traditional spectroscopies. 
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Materials and Methods 
Experiments. The trARPES experiments were done in a pump-probe scheme. The 1.6 eV 
infrared (IR) laser beam with a pulse duration of ~ 30 fs was generated by a Ti:Sapphire 
oscillator-amplifier system (KMLabs Dragon) at a repetition rate of 4 kHz. It was then split 
into pump and probe lines. In the probe line, the beam was first frequency doubled by a b-
Barium borate crystal to 3.2 eV and then focused into a waveguide filled with Kr gas for high 
harmonic generation. The data reported here were recorded using 22.4 eV photons (7th order). 
A delay stage in the pump line was used to control the time delay between the pump and probe 
pulses. Single crystals of 1T-TaSe2 were cleaved in-situ and measured at 300 K, under a 
vacuum of 3 ´  10-10 Torr. The photoelectrons were detected by a SPECS PHOIBOS 100 energy 
analyzer. The overall energy resolution is about 130 meV, which is mainly limited by the band 
width of the ultrashort laser pulses. 
Theoretical calculations. Our DFT calculations employ the projector augmented wave (PAW) 
method encoded in Vienna ab initio simulation package (VASP). The PAW method is used to 
describe the wavefunctions near the core, and the generalized gradient approximation within 
the Perdew-Burke-Ernzerhof (PBE) parameterization is employed as the electron exchange-
correlation functional.   
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Fig. 1. Ultrafast electron calorimetry can measure the dynamic electron temperature and 
band structure, to uncover a new long-lived metastable state mediated by mode-selective 
electron-phonon coupling. The upper left panel shows the top view of the Ta plane in 1T-
TaSe2. In the CDW state, displacement of the Ta atoms leads to a √13 × √13 superstructure 
consisting of 13-atom star-of-David clusters. After laser excitation, the evolution of the sample 
is determined first by the electron temperature and then by electron-phonon coupling, which 
depend on the fluence. For strong laser excitation, the electron-phonon coupling switches from 
nearly homogeneous to mode-selective. The resulting inhomogeneity within the phonon bath 
drives the material into a new long-lived metastable CDW state. The blue shading represents 
the electron density in the real-space, the grey circles represent Ta atoms, both amplitudes are 
exaggerated for better visualization. Te, Tp and Tl refer to the temperatures of the electron, 
strongly-coupled phonons, and the rest of the phonon bath, respectively. 
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Fig. 2. Evolution of the electron temperature and sudden change in the electron-phonon 
coupling. (A) Photoemission spectra along the G-M direction before and after (350 fs) laser 
excitation with a fluence of 0.86 mJ/cm2. The disappearance of band folding and the CDW gap 
clearly suggest the collapse of the CDW order. (B) Temporal evolution of the electron 
temperature Te at a fluence of 0.69 mJ/cm2. The red curve is the two-exponential fit to the data. 
(C) Calculated charge densities (red) in a star-of-David integrated over the energy windows on 
the occupied (EF – 1 eV, EF) and unoccupied (EF + 0.2 eV, EF + 1.2 eV) sides. (D) Electron 
temperature dynamics as a function of laser fluence. (E) Te at 4 ps, when the electron bath is 
nearly in equilibrium with part of the phonon bath (Tp). The error bars represent the 
measurement uncertainties. For F < Fc, this quasi-equilibrium temperature reaches the expected 
value in thermal equilibrium, as indicated by the solid red curve. However, for F > Fc, the 
temperature abruptly increases above the red curve, indicating a step decrease in the effective 
heat capacity — only a subset of phonons are strongly coupled to the hot electrons.  
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Fig. 3. Electronic band dynamics and the metastable state. (A) Time-dependent 
photoemission spectrum at the momentum k// as indicated by the vertical dashed line in Fig. 
2A. The black dots represent the band positions. (B) Energy shift of the band shown in (A) at 
two representative laser fluences. Red curves indicate fits of the data, blue curves indicate the 
quasi-equilibrium coordinate %.  as described in main text. (C) Extracted oscillation 
frequency	P and damping constant	3 as a function of fluence. (D) Peak of band shift, peak of %. and band shift at 4 ps as a function of fluence. The arrow indicates the saturation value 
corresponding to melting of the CDW order. At fluences higher than 0.7 mJ/cm2, the material 
evolves into a new long-lived metastable state. (E and F) Comparison between the evolution 
of Te and the band shift, as a function of fluence. (G) Decay timescales of Te and the band shift 
as a function of fluence. When F > Fc, the faster decay of Te indicates an enhancement in the 
averaged electron-phonon coupling, while the decay of band shift starts to deviate from the 
former and becomes slower. The error bars include the measurement uncertainties and the 
standard deviation of the fitting. 
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Fig. 4. Experimental band shift (order parameter) as a function of time delay and laser 
fluence. At fluences higher than Fc (~ 0.7 mJ/cm2 indicated by the red line), the material 
suddenly evolves into a new metastable state that is distinct from either of the equilibrium 
phases. Te, Tp and Tl refer to the temperatures of the electron, strongly-coupled phonons, and 
the rest of the phonon bath, respectively. 
